INTRODUCTION
The cycloalkanes comprise a group of hydrocarbons m which all the hydrogens in any compound are equivalent. Meaningful kinetic data for abstraction of a hydrogen atom from cycloalkanes by a methyl radical must result from such studies. A comparison of the pre.:.exponential factors will show whether they are strongly influenced by the number of hydrogen atoms per molecule.
The cycloalkyl radical which results from the abstraction reaction is also amenable to study by monitaring the products of the reaction. The effect of strain on breaking the cyclic radical, as well as the effect of nurober of carbon atoms on the reactions of the linear radical which results, can be readily studied. All the radical reactions can be conveniently studied over a temperature range in which neither of the parent compounds pyrolyse at an appreciable rate.
APP ARATUS AND MATERIALS
Studies were made in a quartz reaction vessel set inside an aluminium block furnace. A portion of a master blend of a cycloalkane and acetone (undeuterated or perdeuterated) was metered into the reaction cell. Unfiltered or filtered light from a medium pressure mercury arc was allowed to irradiate the mixture for a given time. The products of the reaction were toepplered into a metal flask from which they could be placed on a gas chromatographic column which had provision for trapping the separated constituents. The trapped constituents were analysed by mass spectroscopy. To analyse the products for the various hydrogens and the various methanes, the products were toepplered into a glass flask which was chilled in liquid nitrogen; the volatile products were admitted into the mass spectrometer by breaking a glass seal.
The cycloalkanes were prepared in this laboratory, or purchased from the National Bureau of Standards or Phillips Petroleum Company. Acetone was Eastman spectroscopic grade, and perdeuteroacetone was purchased from Merck (Montreal). All the reactants were found to be at least 99·5 per cent pure by gas chromatographic analysis. The small amounts of impurities were identified and did not interfere in the reactions. The activation energies for abstraction of a hydrogen atom from the cycloalkanes and the corresponding pre-exponential factors relative to deuteroacetone are shown in Table 1 . The activation energies decrease from C-3 through C-5 and then increase slightly in the C-6 ring. The energies of activation are probably related to the strength of the C-H bond, but this in turn increases with increasing strain energy in the ring. For cyclopentane the abstraction energy is about the same as for a methylene group in a linear alkane 4 consistent with the absence of strain in the C-5 ring. When eclipsed hydrogen atoms are de-eclipsed by forming a cyclic radical, as much as 6 kcal/rnol of energy is released if two pairs of hydrogen atoms are affected. The energy released does not lower the activation barrier for abstraction, indicating that the hydrogen atoms must still be eclipsed in the '' activated state ". Elementary kinetic theory has been used to correct the number of collisions of the cycloalkane molecules so that they are all normalized to cyclohexane at any temperature. No attempt was made to correct for the collision diameter variations of the cycloalkanes. The predicted val ues of the ratio of pre-exponential factors are calculated from cyclohexane with a value of 2·5, multiplying this value by the ratio of hydrogen atoms/molecule in the cycloalkane to the hydrogen atomsjmolecule of cyclohexane. The various cycloalkanes agree very weil as far as the nurober of hydrogen atoms per molecule is concerned, with the exception of cyclopropane and cyclopentane; however, the values for these cycloalkanes are probably in agreement with the others within experimental error. We may conclude that the relative pre-exponential values of all the cycloalkanes are determined by the number of hydrogen atoms per molecule.
RESUL TS AND DISCUSSION

Elimination of molecular hydrogen from radicals
If a comparison is made ( Table 2 ) between the H 2 /HD ratios and CD 3 H/ CD 4 ratios from the products of the reaction of cycloalkane and perdeuteroacetone, it will be seen that at temperatures above 300°, where hydrogen 18·0  4·3  2·0  0·8  328  1·8 0·2  9·0  76·4  17·9  4·3  2·7  0·9  354  3·2  0·3  10·7  73·7  17·8  4·1  3·2  1·4  365  5·0  0·4  12·5  71·9  17·7  4·1  3·4  1·5  399  6·3  0·6  10·5  68·6  17·5  3·9  4·7  1·9  402  6·8 0·6  11·3  67·9  17·4  3·9  4·7  1·8 is an appreciable percentage of the methanes, the H 2 /HD ratios are considerably !arger than the CD 3 H/CD 4 ratios. The cycloalkanes are not directly photolysed by the wavelengths used in this work, so that no molecular hydrogen is formed from this source. Since HD is present with very small or zero concentrations of molecular deuterium (indicating very srnall or zero concentrations of deuterium atoms), hydrogen atoms must be involved to some extent in the production of hydrogen. The H 2 /HD ratios indicate (i) that hydrogen atoms discriminate differently between hydrogen and deuterium in the parent compounds than CD 3 radicals, or alternatively (ii) that the alkyl radicals eliminate hydrogen as a molecule.
To check the postulate that a hydrogen atom and a methyl radical can discriminate differently between abstracting hydrogen and deuterium atoms bonded to carbon atoms, a series of experiments were designed 5 to generate hydrogen atoms in the same medium as CD 3 (or CH 3 ) radicals.
Mixtures of ethane and perdeuteroacetone were photolysed over a temperature range.
Above 420° the ethyl radical decomposed rapidly enough
(5) (6) so that hydrogen atoms were formed at an appreciable rate. The hydrogen atoms stabilized themselves by abstraction in a manner similar to the methyl radical H + C2H6 --* H2 + C2H5 H + CD 3 COCD 3 --* HD + CD 3 COCD 2 (7)
The H 2 /HD ratios could be compared directly with the CD 3 H/CD 4 ratios in an Arrhenius plot which showed that the energy of activation difference for abstraction of a hydrogen and a deuterium atom was the same for a methyl radical as forahydrogen atom. The hydrogen atom had a factor ofless than 1 · 5 in favour of abstracting a hydrogen atom rather than a methyl radical. The photolysis of tetradeutero-cx,cx' -diethyl ketone over a temperature range produced dideutero-ethyl radicals 
Methyl radicals could also form directly
The methyl radicals and the H atomalso abstracted from the parent giving H 2 /HD and the corresponding CH 4 /CH 3 D ratios. These ratios were also plotted on an Arrhenius plot with the same results as for the above ratios. There is no ready explanation for the fact that the pre-exponential factor for a hydrogen atom abstracting a hydrogen atom as compared with the corresponding abstraction of a deuterium atom is greater than that for a methyl radical abstracting the same atoms. The values of the H 2 /HD ratios in Table 2 indicate that they are about three times as large as the corresponding CD 3 H/CD 4 ratios above 300° for both cyclohexane and cyclobutane. Thus, about one-half of the total hydrogen is eliminated as molecular hydrogen. One of the products of the cyclohexyl radical reactions, methylcyclohexene, could have had its origin SOME REACTIONS OF CYCLOALKYL RADleALS in such a molecular hydrogen elimination reaction. The elimination of molecular hydrogen from cyclopentyl radicals has been reported by McNesby and Gordon 6 • A small number of experime~ts were performed with cyclohepty1 radica1s and the evidence here too is that the radical eliminates mo1ecu1ar hydrogen. There is no evidence for molecular hydrogen elimination from the cyclopropyl radical. Linear alky1 radicals such as n-propyl and buty1 appear to e1iminate molecular hydrogen but ethyl radicals do not.
If molecular hydrogen were eliminated from CHaCJH 2 , then we wou1d expect to have a larger H 2 /HD ratio than the corresponding CD 3 H/CD 4 ratio which was found experimentally. By the same reasoning, the H 2 /HD ratio from the CHaCJD 2 should be less than the corresponding CH 4 /CH 3 D ratio; this does not agree with the experimental results.
The generalization for elimination of molecular hydrogen from an alkyl radica1 is that a resonance stabilized radical must be formed as a result of the reaction 7 •
Radical-Radical Reactions
The important products of the photolysis reaction of cyclohexane and perdeuteroacetone and of cyclobutane with acetone are shown in Table 3 . Some of the important reactions of these radicals are paralleled by some of the reactions of the cyclopentyl and cycloheptyl radicals. At temperatures up to 250° the reaction products indicate that the cyclohexyl and cyclobutyl radicals add a methy1 radical to form methylcyclohexane and methylcyclobutane respectively. At 250° and above, the cyclobutyl radical opens to form the butenyl radical:
The butenyl radical reacts with a methyl radical and appears as pent-1-ene in the products.
It has been possible to monitor the operring of the cyclobutyl radica1 8 by the following reactions : 213·0  540·0  476·0  290·0  0·0  0·0  0·0  0·0  337·0  0·0  0·0   381·0  1586·0  1318·0  95·0  209·0  50·0  0·0  10·0  110·0  315·0  360·0   440·0  1507·0  1218·0  314·0  490·0  85·0  285·0  143·0  137·0  0·0  615·0 ----- 183·0  7·5  27·5  0·0  164·0  0·0  0·0  0·0  0·0  15·7  0·0  0·0   285·0  9·5  410·0  0·0  50·2  0·0  2·4  22·2  0·3  16·5  21·3  4·6   323·0  10·1  362·0  9•6  25•9  1·9  4·0  69·0  1·9  4·8  14·3  5·7   349·0  10·7  382·0  17·0  19·2  6·1  7·0  93·0  4·1  2·7  10·7  9·7   374·0  11·1  526·0  40·0  34·7  13·9  8·2  110·0  4·9  2·2  7·6  14·2   425·0 I  11·5  577·0  a  24·3  22·6  10·3  70·0  5·9  0·2  3·2  12·7 --
a Dominated by pyrolysis of cyclobutane.
• The values in the 
Reactions ( 1 7) and ( 18) will be discussed 1ater in this section. All the products from CH 2 CH 2 CH=CH 2 were summed to monitor this term in Figure I . From the least squares treatment of the data the slope of the line determines E 12 + E 14 -E 13 to be 28·1 kca1/mol. E 13 is the energy of activation for the combination of two radicals and is zero. E 14 is the average energy of activation for abstracting a hydrogen atom from each ofthe parent molecules (9•6 kca1Jmol for acetone and 10·3 for cyclobutane), and is taken as 10 kcal/ mol so that E 12 = 18·1 kcaljmol. Brinton 9 has shown that addition of a methyl radical to ethy1ene has an 8 kcaljmol energy of activation barrier so that the energy of activation for the reverse process of decomposing a propyl radical to methyl and ethylene is 33 kcaljmol, since L:\H ~ 25 kcaljmol. The opening of the cyclobutyl ring, reaction (12) , is an analogaus process and the considerab1y lower energy of activation must mean that much of the strain energy of the cyclobutane ring is not present in the "activated complex ''.
equation (i). The Arrhenius plot of equation (i) is shown in
Recently, the opening of the cyclopentyl radical has been determined as 36-37 kcalfmol by two independent methods 10 • The cydopropyl radical opens in a reaction analogaus to reaction (12) to form allyl radical at a temperature lower than the opening of the cyclobutyl radical, indicating that the Eact for opening the cyclopropyl ring is less than 18 kcal/mol. leading to the formation of a resonance-stabilized radical which reacts with a methyl radical to give hep-2-ene and 3-methylhex-1-ene which appear in the sarne peak as methyl cyclohexane.
The cydopentyl ring is unstrained. When it opens only ethylene and an allyl radical are found in the products. Since no evidence of the five carbon linear radical is seen in the products, the rate of scission of the C-C bond in the linear five carbon radical is larger than the rate of scission of the cyclopentyl radical. Thus, some resonance energy must exist in the activated complex which leads to the formation of an allyl radical and ethylene.
Reference to Table 3 shows that methyl cyclopentane appears in the products of the cyclohexane-acetone-d 6 
C:m2
The 1_1/ radica1 cou1d be formed alternative1y by isomerization of V the cyclohexyl radica1 without operring the ring. The alternative mechanism appears to fit our observations better than the sequence of reaction (20) followed by reaction (21), since reaction (21) with an Eact ~ 12 kcaljmol would probab1y not compete favourab1y with reaction (19) with an E act ~ 5 kca1jmol. The unknown Eact barrier due to possib1e partial or complete eclipsing of the hydrogen atoms in the "activated complex" ring would be partially cancelled in comparing reactions (19) and (21). Only in the unlikely event that the pre-exponential factor A 21 were about 300 times the /ÖHa pre-exponential factor A 19 would the two processes to form the v radical be competitive. The methylcyclopentyl radical abstracts hydrogen and deuterium from the parent molecules to stabilize itself. Regardless of the path of formation, the methylcyclopentyl radical can open to form the hexenyl radical as shown in the reverse reaction (21). At higher temperatures there is so little steady state concentration of methylcyclopentyl radical that no products of its abstraction are detected. Arai, Sato and Shida 11 report methyl cyclopentane in the products of the mercury sensitized photolysis of cyclohexane at 400°. Cyclohexyl radicals are produced and they explain the formation of methylcyclopentane by reactions (20) and (21). Since the authors did not study the reaction above 400° they did not note the disappearance of methylcyclopentane from the products. The cycloheptyl radical isomerizes similarly to the methylcyclohexyl radical showing that C 5 and C 6 rings form easily because of the normal angle of the C-C bonds. It shou1d be noted that the above reactions over-all are non-terminal additions to a double bond, a reaction which has a higher energy ofactivation than the reaction ofterminal additionstoadouble bond. The isomerized radical from the non-terminal addition is thus more stable than the radical formed by terminal addition.
The cyclobutyl radical does not isomerize to methylcyclopropyl, nor does the cyclopentyl radical isomerize to the methy1cyclobutyl radical. In the latter reaction this may be because the competitive reaction to form an allyl radical and ethylene is so rapid. In the former reaction the strain energy in the activated complex for the formation of the methylcyclopropy1 ring is probably too large to allow it to form competitively with other reactions of the butenyl radical.
The generation of allyl radical from cyclopentyl radical photolysis is so efficient that it is an excellent source of this radical. If the photolysis of a mixture of cyclopentane and perdeuteroacetone is used to generate the cyclopentyl radicals, the study of the allyl radical results in quantitative kinetic parameters since all the hydrogen atoms and all the deuterium atoms of the parents are equivalent. Using the above technique, it has been established 12 that the allyl radical has an energy of activation of 32 kcaljmol for abstracting a secondary hydrogen atom from a carbon whereas the methyl radical requires 9·3 kcaljmol in the same media. On the other hand, the difference in the energy of activation for abstraction of a hydrogen atom and that for abstraction of a deuterium atom is the same for allyl as for methyl. The results show that the barrier for abstraction by allyl radical is the resonance energy in the radical in addition to the normal barrier for nonresonant hydrocarbon radicals.
Isomeri.zation by moving a hydrogen atom along the carbon skele1ton
The products of the photolysis of cyclobutane-acetone mixtures contain pent-2-ene and 3-methylbut-1-ene at temperatures of 285° and above. These products are the methy1 radical adducts to the resonance stabilized radical, CH 3 CHCHCH 2 • This radica1 cou1d arise in two ways: (a) a radical abstraction of the allylic hydrogen from the but-1-ene product and (b) the shift of a hydrogen atom along the carbon skeleton in the butenyl radical (reaction 18). Reactions (18) and (22) may be differentiated by using perdeuteroacetone. The but-1-ene products (reaction 15) will then be CH 2 DCH 2 CH=CH 2 and CH 3 CHCH 2 CH=CH 2 • If reaction (22) is the generating source the 3-methylbut-1-ene product formed by adding a CD 3 radical to the resonance stabilized radical should be 3-methyltrideuterobut-1-ene and 3-methyltetradeuterobut-1-ene in the same ratio as but-1-ene and monodeuterobut-1-ene. On the other band, if reaction (18) is the generating source of the resonance stabilized radical, there shou1d be only 3-methyltrideuterobut-1-ene in the product. Ttie results ofthe above experiment where the but-1-ene do/d 1 ratio is 2·5, has a 3-methylbut-1-ene d 3 /d 4 ratio of 22, indicating that 85 per cent of the resonance-stabilized radical was form.ed via reaction ( 18), and the remainder via reaction (22).
Reaction (18) is the only case where the linear unsaturated radica1 resulting from the operring of a cycloalkyl ring isomerizes itse1f by moving a hydrogen atom along the carbon skeleton. The uniqueness is due to the proper spacia1 arrangement between the double bond and the carbon atom with the unpaired electron, so that a resonance stabilized radical results from the shift.
It has been possible to determine the energy of activation for reaction ( 18). Reactions (15) and (18) are integrated and combined, (ii) As previous1y noted, the unsaturated C 4 radicals do not combine appreciab1y under the experimental conditions in these experiments (no octadienes in the products). The resonance stabilized allyl radicaJ1 2 does .not abstract efficiently in this temperature range, so that the CH 3 CHCHCH 2 must disappear primarily by adding a methyl radical. The rate of addition of the methyl radical should be independent of temperature because both reactions are radical-radical and thus have a zero energy of activation. The 3-methylbut-1-ene peak in the chromatogram is uncontaminated by other compounds andis a convenient monitor, which is proportional to the total CH 3 CHCHCH 2 generated in the reaction. The total parent concentration in the reaction vessel is maintained constant; this constant and the constant by which the 3-methylbut-1-ene concentration must be multiplied may be combined into a constant K and inserted into equation (ii) to give:
The Arrhenius plot of equation (iii) appears in Figure 2 . From the least squares solution ofthe data, the slope determines E 18 -E 15 as 10·0 kcalfmol. If E 15 is taken as the same as for the methy1 radical, 1 0·0 kcaljmol, then E 18 = 20·0 kcalfmol ± 0·7 kcalfmol (standard deviation). Since a value for Eact for moving a hydrogen atom along a carbon skeleton where no resonanc:e energy is involved has not been firmly established, we cannot say with assurance if the resonance energy is involved in the activated complex for reaction (18). In view of the low barrier for reaction (18) it is likely that the "transition complex" has a considerable portion of the resonance energy of the CH 3 CHCHCH 2 radical. C-C cl,eavage of linear radical which results from opening of the cycloalkyl ring The cyclopropyl radical opens to form the allyl radical, which does not cleave any bond in the temperature range of these studies.
The cyclobutyl radical opens to form the CH 2 CH 2 CH=CH 2 radical. Starting at 325° ethylene appears in the products. Since cyclobutane does not pyrolyse appreciably until 375° the ethylene at lower temperatures must result from the deavage ofthe CH 2 CH 2 CH=CH 2 radical (reaction 17). In harmony with this mechanism, the ethylene product from the photolysis of a cydobutyl-perdeuteroacetone mix is do and d 1 , indicating that it is formed in part by the vinyl radical formed in reaction ( 17) abstracting from the parent molecules.
When the cyclopentyl radical opens, ethylene and an allyl radical are formed, without any evidence of a linear radical intermediate.
There is no evidence that the linear hexenyl radical formed by opening the cyclohexyl radical cleaves any C-C bonds below 350°. At higher temperatures CHa and c\H5 radicals, propylene, butene and butadiene appear in the products ( Table 3) . Since the hexenyl radical does not scission below these high temperatures, it must mean that it can form a stable radical in a fast reaction. As previously noted, reaction (19) results in a resonance stabilizedl radical.
The 
Reaction (27) can account for the light methyl radical in the product.
Lastly, it should be emphasized that ethylene does not appear in the products. Arai and co-workers 11 report that ethylene was present in the products at 400° from the mercury-sensitized photolysis of cyclohexane. The presence of excited mercury atoms in their reaction mixture may account for the difference in the two results. The absence of ethylene in our products has been implied in the discussion of the isomerization reaction (19) to form the resonance-stabilized hexenyl radical.
The above is an example of a general principle stated by Gordon and McNesby 13 • An alkyl free radical will isomerize itselfby intraradical abstraction of a hydrogen atom more quickly than it will cleave itself to give an olefin and a smaller free radical as long as the" activated complex" contains 5 or 6 a toms in the ring.
